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Abstract 
Erosion of the flow-lines due to sanding is a problem of practical significance in almost all areas of oil and gas and other closely related 
industries. The presented work was aimed at investigating the effects of sand impact angle and velocity on the erosion rate of the flow-lines. An 
in-house built sand blasting technique was used to erode the representative mild steel plates with accelerated sand stream. Scanning Electron 
Microscopy (SEM), Energy-dispersive X-ray Spectroscopy (EDS) and weight loss (WS) techniques were used to quantify the effect of impact 
angle and velocity on the erosion rate of the exposed surface. The experimental data revealed an increasing trend in erosion rate with rise in 
sand velocity and impact angle. The highest erosion rate of 8.58 ± 0.1 mm/year was calculated at an impact angle of 90º and velocity of 20 m/s. 
At smaller impact angles, magnitude of the sand impact force on the target surface was reduced and consequently the erosion rate. The overall 
erosion rate, investigated at the particle velocities of 10 m/s and 20 m/s, was decreased from 6.59 ± 0.18 to 1.88 ± 0.09 and 8.58 ± 0.1 to 2.91 ± 
0.11, respectively, with a decrease in the impact angle from 90º to 30º. 
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1. Introduction 
Hydrocarbon fluids recovered from the reservoirs are inevitably polluted with sand particles and other impurities. Being 
known as one of the toughest hydrocarbon extraction related problems, sanding is a source of several flow assurance problems in 
oil and gas industry [1]. A process of recovering the crude oil from the reservoir involves complex procedures, and in many 
cases, it may result in significant financial loss and or fatality if not handled properly. Sanding means production of sand 
alongside the other fluids, such as water, oil and gas due to unconsolidated nature of the extraction process. Many of the 
operational problems experienced by the oil and gas sector are the direct outcomes of sanding during oil and gas production [1, 
2]. The unwanted production of sand immediately shows it adverseness in the form of erosion of the flow-lines. Erosion is a wear 
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Nomenclature 
SEM Scanning Electron Microscopy  
EDX Energy-dispersive X-ray Spectroscopy  
WS weight loss 
(º) impact angle 
Φ flow rate 
µm micron 
 
Sand impact erosion of the flow-lines is a problem of practical significance in almost all areas of oil and gas, and other closely 
related industries. By definition, erosion is the material loss from the target surface being impacted by the flowing fluids, which 
carry sand and other solid particles [2]. Erosion normally takes place through various damaging mechanisms and a sequence of 
mechanical actions [3]. Many sanding related incidents have been reported in the past where leaking accidents happened due to 
the erosion of the flow-lines [2-4]. Some of these incidents resulted in fatality due to leaking of highly pressurized natural gas 
from the production flow-lines, as illustrated photographically in Fig. 1. 
 
 
Fig. 1. Illustration of the damaged flow-lines due to erosion-corrosion. 
Many investigations have already been conducted to develop empirical and numerical models for prediction of the sand 
impact erosion [5-7]. An array of flow factors and conditions may affect the sand erosion damages, for example, sand size, grain 
shape, impact angle, impact velocity, properties of the sand, and type of the target material. Since impact angle in the straight and 
slightly curved flow-lines remains smaller, the sand fines move nearly parallel to the pipe surface by predicting small erosion of 
the installations. Unlikely, in fittings like headers, elbows and tees, there would be strong surface-sand interactions due to larger 
sand impact angles on the fitting surface [7]. The presented work was focused on quantification of the metal surface damages due 
to the sand carrying flow. The main objective was to investigate the mechanism by which the sand impact angle and velocity 
contribute to the erosion process. At this end, S45C carbon steel plates were eroded with sand using a sand blasting technique 
and characterized for their surface morphology, chemical composition and weight loss. 
2. Materials and methods 
Dry sieving method was used to obtain the desired size of the erodent sand particles. The analyses were performed by using a 
set of sieves with gradually decreasing screen size. Sand type was sandstone: a clastic sedimentary rock of sand-size particles, 
which was used as an erosion agent for flow-lines erosion. The dry sand was passed through a stacked set of the sieves of 
following mesh sizes: 1.18 mm, 600 μm, 425 μm, 300 μm, 250 μm and 200 μm. The formation sample was placed on the top of 
the mesh series and it was seeped through the screens until it faces the screen with openings smaller than the desired grain size. 
Mechanical vibrations were applied to the sieves to agile the seeping process. This method was used to obtain the coarse sand 
particles with average size of 200 µm. 
S45C carbon steel plates were bombarded with the erodent particles by using a laboratory built sand blasting technique, as 
shown in Fig. 2. The steel plates were representing the case of inner surface of the production flow-line. Chemical composition 
of the carbon steel was 0.42% – 0.48% carbon, 0.15% – 0.35% silicon, 0.6% – 0.9% manganes, 0.030% maximum phosphorus 
and 0.035% maximum sulphur. An air blower was used to accelerate and impinge the erodent particles on the target surface. The 
air blower was capable of supplying the air at maximum flux of 120 m3/h. The target plates were placed inside the bombardment 
chamber and bombarded with sand particles at two different velocities (10 m/s and 20 m/s) and impact angles of 30º, 45º, 60º, 
75º and 90º. The overall parametric arrangement is shown schematically in Fig. 3. The plates were eroded for fixed time interval 
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of 2 hours and the sand flow rate (ϕ) was kept constant at 2 kg/hour. A distance of 5 cm was set between the target plate and the 
sand injector. Surface morphology, composition and weight of the metal plates before and after bombardment were investigated 
to elaborate the effect of the particle velocity and impact angle on the surface damages. 
 
 
Fig. 2. Schematic of an in-house built erosion test rig. 
 
Fig. 3. Illustration of the sand impact angles on the target plate. 
3. Results and discussion 
Sand erosion is one of the common problems in oil and gas industry. For many decades, it was believed that being very small 
in size, the sand particles in the flow d not significantly damage the metallic flow-lines. However, the erosion studies on the 
microscopic scale have revealed that particles of even smaller sizes can be lethal during the production process [4, 7]. They can 
escape through most of the sand screens, normally used to bring down the impurities from the flow, which make them almost 
inevitable in oil and gas production. They can severely damage the installations at the location where coarse particles cannot 
reach in normal situations [4]. In this study, effect of the sand impact erosion of mild steel at different impact angles and 
velocities was investigated for better understanding of the erosion mechanism. Composition of mine sand in Perak state of 
peninsular Malaysia was determined using EDX analysis. Fig. 4 shows an EDX pattern of the unrefined sand, which was sieved 
to obtained the desired particle size and used as an erodent for the erosion of mild steel. The results revealed that mine sand 
contains aluminium, silicon, phosphorus as well as carbon. The presence of nitrogen, oxygen and fluorine in the analysed steel 
sample was believed due to the surrounding air [6]. 
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Fig. 4. Typical EDX pattern of mine sand collected from Bandar Seri Iskandar in Perak state of Malaysia. Inset is a 1000 times magnified SEM micrograph of the 
unrefined sand. 
After compositional analysis of the sand and steel plates, the abrasive erosion of the carbon steel was studied through sand 
blasting, carried out at room temperature with an in-house built test rig. It was more likely a physical impact phenomenon rather 
than a chemical process. Fig. 5 shows EDX spectrum of the mild steel plate, which was used as a metal specimen in the 
presented work. It was noticed that the untreated metal plate composed of carbon, ferum (Iron) and nitrogen. However, 
composition of the metal plate was significantly changed after sand blasting. It was noticed that some of the erodent particles 
diffused into the metal surface, which was exposed to the sand bombardment. The new elements in the metal body were believed 
to be introduced by the sand during its interaction with the target surface. The post-treatment composition of the steel sample was 
changed to carbon, silicon, ferum, aluminium and phosphorus. It shows that the erosion process not only damages the target 
surface but also changes its composition [7, 8]. 
 
 
Fig. 5. Typical EDX spectrum of the untreated carbon steel plate. Inset is a 1000 times magnified SEM micrograph of the fine polished plate. 
The effect of impact velocity on erosion process was studied from SEM micrographs of the blank and eroded samples. SEM 
micrographs of the plates bombarded with sand for 2 hour at impact velocity of 10 m/s and 20 m/s are shown in Fig. 6. The 
untreated samples were polished metal pieces, which were free from scale, scratches and rough patches, as shown in inset of Fig. 
5. However, after sand blasting, the exposed regions turned to dark circles revealing high surface roughness. The level of surface 
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roughness was significantly influenced by the impact velocity and angle. A strong relationship was found between the process 
parameters and the damage scar size on the metal surface [8, 9]. The sand particles, accelerated to high velocity of 20 m/s, eroded 
the metal more adversely as compared to the slow moving particles at the velocity of 10 m/s.  
The blank and eroded plates were weighed with a high precision digital weighing balance to determine the weight lost by the 
plates at the end of the erosion test. Results on the weight loss based erosion rates of the eroded plates, under the discussed 
conditions, are summarized in Table 1. It has been noticed that collision efficiency decreased with a decline in particle velocity 
[6-8]. Quantitatively, a decrease in collision efficiency and consequently the erosion can be attributed to the lower momentum of 
the sand particles. SEM photographs in Fig. 6 also reveal the effect of the impact angle on the surface damages. In the present 
case, the erosion experiments were performed at impact angles of 30º, 45º, 60º, 75º and 90º. It was seen that the erosion rate 
increased with an increase in impact angle. The highest erosion rate was calculated at an impact angle of 90º regardless of the 
particle velocity.  At this angle, the accelerated sand particles did not exhibit any angular slip and imparted maximum energy to 
the metal surface. 
 
 
Fig. 6. SEM micrographs of mild steel eroded at; (a) impact velocity of 10 m/s  and 45º angle , (a) impact velocity of 20 m/s and 45º angle, (a) impact velocity of 
10 m/s and 90º angle, (a) impact velocity of 20 m/s and 90º angle. 
However, at smaller impact angles, the sand particles exhibited angular slip at the surface of the inclined metal surface. As a 
result of this, the impact force by the particle split into axial and vertical components. The magnitude of the individual 
components depends on the angle of the incident sand stream. At smaller angles, the axial component dominantly contributed a 
reasonable amount of energy to the target surface while the energy transfer due to vertical component was almost negligible. As 
a result, magnitude of the sand impact force on the surface was reduced and consequently the surface erosion [10, 11]. Overall, 
the erosion rates, determined for particle velocities of 10 m/s and 20 m/s, were decreased from 6.59 ± 0.18 to 1.88 ± 0.09 and 
8.58 ± 0.1 to 2.91 ± 0.11, respectively, with a decrease in impact angle from 90º to 30º.   
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Table 1. Summary of the erosion rates determined using a weight loss method. 
Impact Velocity (m/s) Impact angle (º) Erosion rate (mm/year) 
10 30 1.88 ± 0.09 
45 2.36 ± 0.15 
60 3.73 ± 0.10 
75 4.96 ± 0.13 
90 6.59 ± 0.18 
20 30 2.91 ± 0.11 
45 3.74 ± 0.14 
60 4.91 ± 0.17 
75 6.37 ± 0.13 
90 8.58 ± 0.10 
4. Conclusions  
This study investigated the erosion rate of the carbon steel, impacted with sand particles at different impact velocities and 
angles. It was concluded that the composition of the metal plate significantly changed after sand blasting. Some of the erodent 
particles were diffused into the metal surface, exposed to the sand bombardment. In-depth analysis revealed that although the 
metal erosion increases with the particles velocity, the overall erosion rate was dominated by the impact angle. The erosion rate 
can appreciably be reduced by decreasing the impact angle of the sand stream with the target surface. Maximum erosion rate was 
observed at an impact angle of 90º. Additionally the sand particles, accelerated to a velocity of 20 m/s, eroded the metal more 
adversely as compared to the particles imping the surface at velocity of 10 m/s.  
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